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(57) Abstract: A purely refractive projection objective suitable for immersion microlithography is designed as a single- waist system 
^ with five lens groups, in the case of which a first lens group with a negative refracting power, a second lens group with a positive 
refracting power, a third lens group with a negative refracting power, a fourth lens group with a positive refracting power and a fifth 
* ens J? rou P w ith a positive refracting power are provided. The system aperture is in the region of maximum beam diameter between 
the fourth and the fifth lens group. Embodiments of projection objectives according to the invention achieve a very high numerical 
aperture of NA > I in conjunction with a large image field, and are distinguished by a good optical correction state and moderate 
overall size. Pattern widths substantially below 100 nm can be resolved when immersion fluids are used between the projection 
objective and substrate in the case of operating wavelengths below 200 nm. 
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Description 

Refractive projection objective for immersion lithography 

The invention relates to a refractive projection objective for projecting a 
5 pattern arranged in an object plane of the projection objective into an 
image plane of the projection objective with the aid of an immersion 
medium which is arranged between a last optical element of the 
projection objective and the image plane. 

10 Photolithographic projection objectives have been in use for several 
decades for producing semiconductor components and other finely 
structured structural elements. They serve the purpose of projecting 
patterns of photomasks or reticles, which are also denoted below as 
masks or reticles, onto an object coated with a photosensitive layer with 

15 very high resolution on, a reducing scale. 

Three developments running in parallel chiefly contribute to the 
production of every finer structures of the order of magnitude of 100 nm 
or below. Firstly, an attempt is being made to increase the image-side 

20 numerical aperture (NA) of the projection objective beyond the currently 
customary values into the region of NA=0.8 or above. Secondly, ever 
shorter wavelengths of ultraviolet light are being used, preferably 
wavelengths of less than 260 nm, for example 248 nm, 193 nm, 157 nm 
or below. Finally, still other measures are being used to increase 

25 resolution, for example phase-shifting masks and/or oblique illumination. 

In addition, there are already approaches to improving the achievable 
resolution by introducing an immersion medium of high refractive index 
into the space between the last optical element of the projection 
30 objective and the substrate. This technique is denoted here as 

immersion lithography. Introducing the immersion medium yields an 
effective wavelength of 



^eff = Wn, 

Xo being the vacuum operating wavelength and n the refractive index of 
the immersion medium. This yields a resolution of 

R = ki (Xeff/NAo) 

and a depth of focus (DOF) of 

DOF = ± k 2 (WNAo 2 ), 

NAo = sin ©o being the "dry" numerical aperture, and © 0 being half the 
aperture angle of the objective. The empirical constants k-i and k 2 
depend on the process. 

The theoretical advantages of immersion lithography reside in the 
reduction of the effective operating wavelength and the resolution 
improved thereby. This can be achieved in conjunction with an 
unchanged vacuum wavelength, and so established techniques for 
producing light for selecting optical materials, for coating technology etc. 
can be adopted largely without change for the appropriate wavelength. 
However, measures are required for providing projection objectives with 
very high numerical apertures in the region of NA = 1 or above. 
Furthermore, suitable immersion media must be available. 

The article entitled "Immersion Lithography at 157 nm" by M. Switkes 
and M. Rothschild, J. Vac. Sci. Technol. Vol. 19 (6), Nov./Dec. 2001, 
pages 1 ff. presents immersion fluids based on perfluoropolyethers 
(PFPE) which are sufficiently transparent for a working wavelength of 
157 nm and are compatible with some photoresist materials currently 
being used in microlithography. One tested immersion fluid has a 
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refractive index of n = 1.37 at 157 nm. The publication also describes a 
lens-free optical system, operating with calcium fluoride elements and 
silicon mirrors, for immersion interference lithography, which is intended 
to permit the projection of 60 nm structures and below in conjunction 
5 with a numerical aperture of NA = 0.86. The optical system may not be 
suitable for use in the series production of semiconductors or the like. 

Patent Specification US 5,610,683 (corresponding to EP 0 605 103) 
describes a projection exposure machine, provided for immersion 
10 lithography, having devices for introducing immersion fluid between the 
projection objective and the substrate. No design is specified for the 
optical projection system. 

US Patent US 5,900,354 proposes using a super-critical fluid, for 
15 example xenon gas, as immersion medium in immersion lithography. No 
design is shown for a suitable projection objective. 

It is the object of the invention to create a refractive projection objective 
which is suitable for immersion lithography and which has, in conjunction 
20 with a moderate overall size, a high numerical aperture suitable for 
immersion lithography, an image field which is sufficiently large for 
practical use in wafer steppers or wafer scanners, and a good correction 
state. 

25 This object is achieved by means of a projection objective having the 
features of Claim 1. Advantageous embodiments are specified in the 
dependent claims. The wording of all the claims is incorporated in the 
description by reference. 

30 In accordance with one aspect of the invention, a refractive projection 
objective for projecting a pattern arranged in an object plane of the 
projection objective into the image plane of the projection objective with 



the aid of an immersion medium which is arranged between a last 
optical element of the projection objective and the image plane has 
a first lens group, following the image plane, with a negative refracting 
power; 

a second lens group, following thereupon, with a positive refracting 
power; 

a third lens group, following thereupon, with a negative refracting power; 
a fourth lens group, following thereupon, with a positive refracting power; 
a fifth lens group, following thereupon, with a positive refracting power; 
and 

a system aperture which is arranged in the region of maximum beam 
diameter between the fourth lens group and the fifth lens group. 

This refracting power distribution produces a projection objective having 
two bellies and a waist therebetween, a good correction of the field 
curvature thereby being achieved. The system aperture is seated in the 
region of greatest beam diameter of the belly next to the image plane, 
preferably at least 90% or 95% of the maximum beam diameter being 
present in the belly near the image at the location of the system 
aperture. In certain embodiments, the system aperture can lie between a 
plane of maximum beam diameter near the image and the image plane, 
and thus in a region in which the transilluminated diameter of the 
objective already decreases towards the image plane. This is a 
substantial difference from conventional, refractive projection objectives 
in which the system aperture lies on the object side at a relatively large 
distance in front of the region of maximum beam diameter in the belly 
near the image. 

The design permits image-side numerical apertures NA s 0.9. it being 
possible in the case of preferred embodiments to achieve NA = 1 .1 or 
above. Preferred projection objectives are adapted to an immersion fluid 
which has a refractive index of n > 1.3 at the operating wavelength. As a 
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result, a reduction in the effective operating wavelength by 30% or more 
can be achieved by a comparison with systems without immersion. 

The projection objective can advantageously be designed such that the 
5 space to be filled up by the immersion medium has an axial thickness 
which is so small that transmission losses in the immersion medium are 
no more than 10 to 20% of the penetrating light intensity. Consequently, 
image-side working distances of less than 200 jam, in particular less than 
100 jam, are favourable. Since, on the other hand, touch contact 
10 between the last optical element and the substrate surface is to be 
avoided, a lower limit for the working distance of from 10 to 20 jxm 
should not be undershot. Larger working distances in the region of one 
or more millimeters are also possible given suitably transparent 
immersion media. 

15 

Preferred projection objectives are distinguished by a number of 
favourable structural and optical features which are necessary alone or 
in combination for the suitability of the objective as an immersion 
objective. 

20 

For example, it can be favourable when the refracting powers of the lens 
groups are of the same order of magnitude on both sides of the system 
aperture. In particular, it can be provided that a ratio between the focal 
length of the fourth lens group and the focal length of the fifth lens group 

25 is between approximately 0.9 and approximately 1.1. It can likewise be 
favourable when the focal lengths or refracting powers of the lens 
groups near the object and lens groups near the image are similar in 
magnitude. In particular, a ratio of the magnitudes of the focal lengths of 
the first lens group and the fifth lens group can be between 

30 approximately 0.7 and approximately 1.3, preferably between 
approximately 0.9 and 1.1. Furthermore, it can be favourable for 



producing a high image-side numerical aperture when a strong positive 
refracting power is concentrated in the region near the image. In 
preferred embodiments, a ratio between the overall length of the 
projection objective and the focal length of the fifth lens group following 
the system aperture is greater than five, in particular greater than six, 
seven or even eight. The axial distance between the object plane and 
image plane is denoted here as overall length. 

In order to achieve a good correction state, it is provided in preferred 
embodiments that the first lens group includes at least one aspheric 
surface. Favourably, it is even possible for a plurality of aspherics, for 
example two, to be provided here. Aspherics in this region make a 
particularly effective contribution to the correction of distortion and 
astigmatism. It is favourable, furthermore, for the correction of coma and 
astigmatism when the third lens group, situated in the region of the 
waist, has at least one aspheric surface, a plurality of aspherics, for 
example two aspherics, being preferred. In the case of preferred 
embodiments, at least one aspheric is provided in each lens group in 
order to facilitate fine setting of the correction state of the projection 
objective. With regard to simple production of the lenses, the number of 
aspherics should be limited, for example to less than nine or less than 
seven, as in the case of a preferred embodiment. 

The favourable projection properties of projection objectives according to 
the invention, particularly the good correction state in the case of a very 
high numerical aperture, are promoted by some special features relating 
to the type and arrangement of the lenses used. For example, it is 
favourable when at least one meniscus lens, convex relative to the 
object plane, with a negative refracting power is arranged in the near 
zone of the object plane, in particular in the first lens group. This lens, 
which can form the third lens of the objective, for example, favours the 
correction of tangential astigmatism. 
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The second lens group preferably has at least one, in particular a 
plurality of meniscus lenses, concave relative to the object plane, with a 
positive refracting power on its side facing the object plane. These 
preferably combine with at least one, preferably a plurality of meniscus 

5 lenses, convex relative to the object plane, with a positive refracting 
power on the side, facing the image plane, of the second lens group. At 
least one biconcave positive lens is favourably situated between the 
menisci or meniscus groups of the opposing bending. As a result, a 
sequence of at least one positive meniscus lens, concave relative to the 

10 object plane, a biconvex positive lens and at least one positive meniscus 
lens, concave relative to the image plane, can be formed in the second 
lens group. This sequence of lenses in the region of relatively large 
beam diameter of the first belly is favourable for a strong "deformation" 
of the main ray in this region in conjunction with low areal stresses of the 

15 optical surfaces. This is favourable for low total aberrations of the 
projection objective. A favourable areal stress in the sense of this 
application occurs whenever the incidence angles of the rays striking an 
optical surface are as small as possible and do not overshoot a critical 
limit value. Denoted here as incidence angle is the angle between the 

20 impingement direction of a ray on an optical surface and the surface 
normal of the optical surface at the impingement point of the ray. The 
smaller the incidence angle and, correspondingly, the lower the areal 
stress, the easier is the development of suitable antireflection coatings, 
and the greater is the tolerance of the design to the adjustment. 

25 

The region of narrowest constriction of the ray is denoted as the waist. 
The third lens group in the region of the waist has the task of re- 
expanding the radiation, converging downstream of the first belly, with 
as few aberrations as possible. It is favourable for this purpose when the 
30 third lens group has only lenses with a negative refracting power. It has 
proved to be particularly advantageous when, with reference to a plane 
of symmetry lying inside the third lens group, the third lens group is of 
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substantially symmetrical construction. This is distinguished, in 
particular, by virtue of the fact that mutually assigned lenses of the same 
type are arranged on the object side and image side of the plane of 
symmetry. The symmetry of the lens types preferably also extends into 

5 the bordering region of the second and fourth lens groups such that an 
exit region, facing the third lens group, of the second lens group, and an 
entry region, following the third lens group, of the fourth lens group can 
be constructed substantially symmetrically relative to the plane of 
symmetry lying inside the third lens group. A symmetrical arrangement 

10 of negative and positive meniscus lenses will be explained in further 
detail in conjunction with the embodiments. The symmetry promotes a 
low areal stress of the lenses in conjunction with few aberrations. 

At least one doublet with a biconvex positive lens and a meniscus- 
15 shaped negative lens, following towards the image, with lens surfaces 
which are concave towards the object is preferably provided in the 
region directly upstream of the system aperture, that is to say in the 
fourth lens group. Particularly favourable are embodiments having two 
such doublets which can follow one another directly. A positive air lens, 
20 convex relative to the image plane, is respectively arranged between the 
lenses of the doublet. Such doublets composed of a collecting biconvex 
lens and a diverging meniscus have a positive effect on the correction 
state and can counteract the aberrations which are introduced by lenses 
with a strong, positive diffracting power downstream of the system 
25 aperture. It can be favourable, moreover, to arrange in the object-side 
entry region of the fourth lens group at least one meniscus lens, concave 
towards the object, with a positive refracting power, in order to collect 
the radiation coming from the waist in conjunction with a low areal 
stress. 

30 

In order to achieve very high numerical apertures, it is advantageous 
when the fifth lens group has exclusively positive lenses. It is possible, 



for example, to arrange four or more positive lenses between aperture 
stop and image plane. In this case, favourable surface loads can be 
achieved whenever at least one meniscus lens, concave towards the 
image, with a positive refracting power is provided in the fifth lens group. 
In particular, two or more such lenses can be provided. The last optical 
element is preferably formed by a plano-convex lens which preferably 
has a spherical entry surface and a substantially flat exit surface. It is 
possible thereby, on the one hand, to achieve a good correction of 
spherical aberration and coma and, on the other hand, a substantially 
flat exit surface is favourable for immersion lithography. In preferred 
embodiments, the plano-convex lens is nonhemispherical, the centre of 
the spherical surface lying outside the lens. Truncated hemispherical 
lenses of this type can yield a reduced sensitivity to fluctuations in the 
working distance. 

By applying some or all of these design principles, success has been 
achieved in preferred embodiments which keep the surface loads of the 
lenses so low that despite an aperture of more than NA = 0.9 or 1 , 
incidence angles whose sine is greater than approximately 90% or even 
approximately 85% of the image-side numerical aperture do not occur at 
any of the optical surfaces, and this simplifies the coating of the lenses 
and the adjustment of the objective. 

In preferred embodiments, all the lenses of the projection objective 
consist of the same material. For operating wavelengths of 193 nm, 
synthetic quartz glass and, for operating wavelengths of 157 nm, 
calcium fluoride can be used, for example, as material. The use of only 
one kind of material facilitates production and permits simple adaptation 
of the objective design to other wavelengths. It is also possible to 
combine a plurality of kinds of material in order, for example, to support 
the correction of chromatic aberrations. It is also possible to use other 
UV-transparent materials such as BaF 2 . NaF, LiF, SrF, MgF 2 or the like. 
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In addition to the claims, the description and the drawings also disclose 
the preceding and further features, it being possible for the individual 
features to be implemented on their own or severally in the form of 
subcombinations in the case of embodiments of the invention and in 
5 other fields, and for them to constitute advantageous designs which can 
be protected per se. In the drawings: 



Figure 1 shows a lens section through a first embodiment of a 
refractive projection objective which is designed for a 
10 193 nm operating wavelength; 

Figure 2 shows a lens section through a second embodiment of a 
projection objective which is designed for a 193 nm 
operating wavelength; 

15 

Figure 3 shows a lens section through a third embodiment of a 
projection objective which is designed for a 157 nm 
operating wavelength; and 

20 Figure 4 shows a lens section through a fourth embodiment of a 
projection objective which is designed for a 193 nm 
operating wavelength. 



In the following description of preferred embodiments, the term "optical 
25 axis" denotes a straight line through the centres of curvature of the 
optical components. Directions and distances are described as on the 
image side or towards the image when they are aligned in the direction 
of the image plane or the substrate, which is to be exposed, located 
there, and as on the object side or towards the object when they are 
30 directed towards the object with reference to the optical axis. In the 

examples, the object is a mask (reticle) with the pattern of an integrated 
circuit, but it can also be another pattern, for example a grating. In the 
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examples, the image is formed on a wafer which serves as a substrate 
and is provided with a photoresist layer, but other substrates are also 
possible for example elements for liquid crystal displays or substrates for 
optical gratings. The focal lengths specified are focal lengths with 
5 reference to air. 

Identical or mutually corresponding features of the various embodiments 
are denoted below with the same reference symbols for reasons of 
clarity. 

10 

A typical design of an embodiment of a purely refractive reduction 
objective 1 according to the invention is shown with the aid of Figure 1 . It 
serves the purpose of projecting in conjunction with virtually 
homogeneous immersion a pattern, arranged in an object plane 2, of a 

15 reticle or the like into an image plane 3 to a reduced scale, for example 
to the scale of 5:1. This is a rotationally symmetrical single-waist system 
with five lens groups which are arranged along the optical axis 4, which 
is perpendicular to the object plane and image plane, and form an 
object-side belly 6, an image-side belly 8 and a waist 7 situated 

20 therebetween. The first lens group LG1 , following the image plane 2, has 
a negative refracting power and a focal length of -166 mm. A second 
lens group LG2, following thereupon, has a positive refracting power 
with a focal length of 121 mm. A third lens group LG3, following 
thereupon, has a negative refracting power and a focal length of - 

25 33 mm. A fourth lens group LG4, following thereupon, has a positive 
refracting power with a focal length of 166 mm, which therefore 
corresponds in terms of magnitude to the focal length of the first lens 
group. A fifth lens group LG5, following thereupon, has a positive 
refracting power and a focal length of 170 mm, which is of the order of 

30 magnitude of the focal length of the fourth lens group and of the first lens 
group LG1 in terms of magnitude. The system aperture 5 is arranged 
between the fourth lens group LG4 and the fifth lens group LG5 in the 
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region, near the image, of maximum beam diameter, that is to say in the 
second belly 8 of the objective. 

The first lens group LG1, following the object plane 2, is substantially 
responsible for the expansion of the light bundle into the first belly 6. It 

5 comprises three lenses 1 1 , 12, 13 with a negative refracting power, the 
first lens 1 1 and the second lens 12 being configured as biconvex 
negative lenses. The third lens 13 is a diverging meniscus in the case of 
which as a special feature the concave side is directed not towards the 
object 2 but towards the image plane 3. This arrangement is very 

10 favourable for correcting the tangential astigmatism. Otherwise, the first 
lens group includes two aspherics, specifically the entry sides of the 
second and the third lens. The aspherics have a positive influence on 
the very good correction of the distortion and the astigmatism. 

15 The second lens group LG2 comprises four collecting menisci 14, 15, 
16, 17, facing the reticle or the object plane 2 with their concave side, a 
biconvex positive lens 18 and two collecting menisci 19, 20 facing the 
wafer or the image plane 3 with their concave side. This design, in which 
the curvatures of the meniscus surfaces run on the object side and 

20 image side of the biconvex lens 18 in opposite directions with concave 
surfaces averted from one another, ensures small areal stresses for the 
menisci and the positive lens 18, and thus few aberrations. The 
biconcave air lens between the biconvex positive lens 18 and the 
following meniscus lens 19 has with its strong astigmatic undercorrection 

25 a favourable influence on the balancing-out of the astigmatism in the 
front part of the system upstream of the waist 7. 

The third lens group LG3 consists exclusively of diverging lenses, 
specifically a negative meniscus lens 21 with image-side concave 
30 surfaces, a biconcave negative lens 22, following thereupon, a further 
biconcave negative lens, following thereupon, and a negative meniscus 
lens 24, following thereupon, with object-side concave surfaces. With 
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reference to a plane of symmetry 9 lying between the lenses 22 and 23, 
these four lenses are designed with mirror symmetry with regard to lens 
type (meniscus lens or biconcave lens) and direction of curvature of the 
optical surfaces. Together with the last two lenses 19, 20 of the second 

5 lens group and the first two lenses 25, 26 of the fourth lens group LG4, 
following thereupon, there is a series of two collecting menisci 19. 20 
and one diverging meniscus 21, all three of which have concave 
surfaces facing the waist or the plane of symmetry 9. In the opposite, 
mirrored direction, that is to say on the image side of the plane of 

10 symmetry 9, the two biconcave negative lenses 22, 23 are again 

followed at the waist, that is to say in the area of smallest diameter, by a 
diverging meniscus 24 and two collecting menisci 25, 26 of the fourth 
lens group. This design having mirror symmetry relative to the plane of 
symmetry 9 supports a low tensioning or a low areal stress of the optical 

15 surfaces, and thus few aberrations. 

The third lens group includes, in the form of the exit surface of the 
smallest lens 22 and the exit surface of the negative meniscus lens 24, 
two aspherics which make a substantial contribution to the correction of 
20 the coma and the astigmatism. 

The fourth lens group LG4 comprises on its entry side two positive 
meniscus lenses 25, 26 which are concave relative to the object plane 
and are followed by two doublets 27, 28 and 29, 30. Each of the 

25 doublets has. on the object side, a collecting biconvex lens 27 and 29, 
respectively, and downstream thereof a diverging meniscus 28 and 30. 
respectively, whose concave surfaces point towards the object plane. 
The two spherically strongly overcorrected, diverging menisci 28 (f = - 
728 mm) and 30 (f = -981 mm) counteract the strongly undercorrected, 

30 collecting lenses of the fifth lens group LG5 following downstream of the 
system aperture 5. The combination of the collecting biconvex lens and 
the diverging meniscus inside a doublet has a very positive effect on the 



- 14- 



correction of image errors in the region of the second belly 8. With their 
strong overcorrection of the tangential astigmatism, the two menisci 28, 
30, in particular the thick meniscus 28, counteract the undercorrection in 
the fifth lens group LG5. 

5 

The fifth lens group LG5, situated downstream of the system aperture 5, 
is substantially responsible for producing the high numerical aperture. 
Provided for this purpose are exclusively collecting lenses, specifically a 
positive meniscus lens 31 , arranged in the region of the system aperture 

10 5, with surfaces concave towards the image, a biconvex positive lens 32, 
following thereupon, with a slightly curved entry side and a more strongly 
curved exit side, a positive meniscus lens 23, following thereupon, with 
surfaces concave towards the image, a further positive meniscus lens 
24, likewise with surfaces concave towards the image, and a terminating 

15 plano-convex lens 35 with a spherical entry side and a flat exit side. The 
positive lenses 31, 32, 33 and 34 are strongly undercorrected spherically 
and overcorrected with reference to the coma. In the case of this design, 
the correction of the spherical aberration and the coma is therefore 
implemented substantially in conjunction with the configuration of the 

20 fourth lens group LG4 which is situated upstream of the system aperture 
5 and creates a corresponding offset of these aberrations. 

Consequently, the fourth lens group LG4 and the fifth lens group LG5 
are responsible in combination for achieving a good correction state of 

25 the spherical aberration and of coma. An aspheric surface on the entry 
side of the biconvex lens 27 of the first doublet substantially supports the 
correction of the spherical aberration, but also of the coma of third order. 
An aspheric surface, arranged in the vicinity of the system aperture 5, on 
the exit side of the positive meniscus lens 31 , convex towards the object, 

30 at the input of the fifth lens group LG5 chiefly corrects aberrations of 
higher order and thereby makes a substantial contribution to setting a 
good aberration compromise. A likewise positive influence on the 
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correction of aperture aberration and coma is exerted by the spherical, 
convex entry surface of the plano-convex lens 35. The latter is 
spherically overcorrected and undercorrected with reference to coma. 

5 The system has a working distance on the image side of approximately 
8.4 mm, which can be filled up by an immersion fluid 10. Deionized 
water (refractive index n = 1 .47) or another suitable transparent liquid, 
for example, can be used at 193 nm as immersion fluid. 

10 The correction state of the optical system 1 is excellent. All aberrations 
are corrected. The RMS value of the wavefront deformation is very low 
at 4 mJi. The distortion of all field points in the region is below 1 nm. A 
projection objective is thus created which operates at an operating 
wavelength of 193 nm, can be produced with the aid of conventional 

15 techniques for lens production and coating, and permits a resolution of 
structures substantially below 100 nm. 

The design described is fundamentally suitable for near-field lithography, 
as well, by the use of a homogeneous immersion. For this purpose, the 

20 terminating plano-convex lens 35 is to be combined with the immersion 
layer 10 to form a lens which can consist, for example, of synthetic 
quartz glass. In order to permit sufficient light energy of the evanescent 
field to be coupled in, in this case the working distance between the exit 
surface of the projection objective and the image plane should be in the 

25 region of 100 nm or below. 

The specification of the design is summarized in a known way in tabular 
form in Table 1. Here, column 1 gives the number of a refracting surface, 
or one distinguished in another way, column 2 gives the radius r of the 
30 surface (in mm), column 3 gives the distance d denoted as thickness, of 
the surface from the following surface (in mm), column 4 gives the 
material of the optical components, and column 5 gives the refractive 
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index of the material of the component, which follows the entry surface. 
The useful, free radii or half the free diameter of the lenses (in mm) are 
specified in column 6. 

5 In the case of the embodiment, six of the surfaces, specifically the 
surfaces 4, 6, 15, 29, 34 and 44, are aspheric. Table 2 specifies the 
corresponding aspheric data, the aspheric surfaces being calculated 
using the following rule: 

10 p(hH(0/r)h 2 W^ 

Here, the reciprocal (1/r) of the radius specifies the surface curvature, 
and h the distance of a surface point from the optical axis. 
Consequently, p(h) gives the so-called sagitta, that is to say the distance 
1 5 of the surface point from the surface apex in the z direction, that is to say 
in the direction of the optical axis. The constants K, C1, C2, ... are 
reproduced in Table 2. 

The optical system 1 , which can be reproduced with the aid of these 
20 data, is designed for an operating wavelength of approximately 193 nm, 
for which the synthetic quartz glass used for all the lenses has a 
refractive index n = 1.56029. The image-side numerical aperture is 1.1. 
The system is adapted to a refractive index of the immersion medium 10 
of n = 1.56, which permits a virtually ideal coupling of the light into the 
25 immersion layer 10. The objective has an overall length (distance 
between image plane and object plane) of 1162 mm. A light 
conductance (product of numerical aperture and image size, also 
denoted etendue or geometrical flux) of 24.1 mm is achieved given an 
image size of 22 mm. 

30 

A variant of the projection objective shown in Figure 1 is explained with 
the aid of Figure 2. Lenses or lens groups of the same type or the same 
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function are denoted by the same reference symbols for reasons of 
clarity. The system V is optimized for a refractive index of the immersion 
medium of n = 1.37, and this corresponds to a value, which has become 
known from the literature, of 157 nm for the refractive index of an 
5 immersion fluid based on perfluoropolyether (PFPE). 

The fourth and the fifth lens group differ in terms of design from that in 
accordance with Figure 1 . In LG4 t the thick meniscus lens 28 of the first 
doublet in Figure 1 is split up into an object-side, biconcave negative 

10 lens 28' with an only slightly curved exit side and a subsequent biconvex 
positive lens 28" with a correspondingly only slightly curved entry side. 
This splitting-up further reduces the areal stress of the optical surfaces in 
this region. The rim ray of the projection runs in a converging fashion in 
the air space between the subsequent lenses 29, 30 upstream of the 

15 entry surface of the meniscus 30 which is concave towards the object. In 
the fifth lens group LG5, the entry-side lenses 31, 32, separated in the 
case of the design in Figure 1 and downstream of the system aperture 5 
are combined to form a single, biconvex positive lens 32\ This is 
situated at a distance downstream of the system aperture 5, which can 

20 be accessed particularly easily. A further special feature consists in that 
the system aperture 5 is situated between a plane, near the image, of 
maximum beam diameter and the image plane 3, that is to say where 
the transilluminated diameter of the lenses already decreases towards 
the image plane. The other lenses correspond with regard to the type 

25 and sequence of the lenses of identical reference symbols in Figure 1. In 
the case of this design, as well, all the lenses consist of synthetic quartz 
glass. The specification of this design in the notation described is 
specified in Tables 3 and 4. 

30 Shown in Figure 3 is a third embodiment, designed for an operating 

wavelength of 157 nm, of a projection objective 1" whose specification is 
given in Tables 5 and 6. It is to be seen from the sequence and the type 
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of lenses that the design is based on the design principle explained with 
the aid of Figures 1 and 2, and so the same reference symbols are used 
for lenses and lens groups with corresponding functions. As in the case 
of the embodiment in accordance with Figure 1, no further optical 
element is arranged upstream of the first biconcave negative lenses 1 1 
of the objective. As in the case of the embodiment in accordance with 
Figure 2, in the fourth lens group LG4 the thick meniscus lens 28, still in 
one piece in Figure 1, is split up into a biconcave negative lens 28* and a 
directly following biconvex positive lens 28". Just as in the case of the 
embodiment in accordance with Figure 2, the function of the entry-side 
lenses 31 , 32 of the embodiment in accordance with Figure 1 is taken 
over by a single, biconvex positive lens 32' which initiates the ray 
combination towards the image plane. In a way similar to the case of the 
embodiment in accordance with Figure 2, the system aperture 5 is 
situated inside the second belly 8 downstream of the region of maximum 
beam diameter, that is to say where the beam diameter already 
decreases again towards the image plane. 

The refractive index for the immersion medium is set at n = 1.37, which 
corresponds to a value, which has become known from the literature, for 
a PFPE-based immersion fluid sufficiently transparent at 157 nm. The 
image-side working distance is set to approximately 50 |im, which 
corresponds in practical use to the thickness of the immersion layer. It 
may be assumed that suitable immersion fluids still have high 
transmission values of more than 90% in the case of this low thickness, 
and so only negligible, low transmission losses occur in the region of the 
immersion, this being favourable for achieving a satisfactory wafer 
throughput. Pattern widths of less than 70 nm can be resolved with the 
aid of this purely refractive projection objective, of excellent correction 
state, which can be implemented using conventional means. 
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Tables 7 and 8 show the specification of an embodiment (not illustrated 
pictorially) of a projection objective which is derived from the 
embodiment in accordance with Figure 3, from which it differs essentially 
in that the thick meniscus lens 17, concave towards the object, there is 
5 replaced by a thinner meniscus lens curved in the same direction. A 
comparison of Tables 5 and 6 shows that as a result an even more 
compact design is possible which has smaller lens diameters and a 
smaller overall length in conjunction with equally good optical properties. 

10 A fourth embodiment of a projection objective 1"\ which is designed for 
an operating wavelength of 193 nm and whose specification is given in 
Tables 9 and 10 is shown in Figure 4. This embodiment has a projection 
scale of 4:1 and an image-side numerical aperture NA = 0.9. A 
comparison with the remaining embodiments shows that less lens 

15 material is required in conjunction with the same fundamental optical 
principle. Instead of 25, as in the case of the other embodiments, there 
is a need for only 23 lenses, and moreover the average and maximum 
lens diameters are smaller than with the preceding embodiments. In 
particular, there is provision in the second lens group LG2 for only three 

20 menisci 14, 15, 16, concave towards the object, a lens corresponding to 
the menisci 17 of the other embodiments being absent. In contrast to the 
other embodiments, in the fourth lens group LG4 only one doublet 27 
and 28 is provided, and so a saving of one lens is made in this lens 
group as well. The symmetrical design of the third lens group LG3 and of 

25 the lens pairs bordering thereon, 19, 20, of the second lens group and 
25, 26 of the fourth lens group corresponds to that of the other 
embodiments. The embodiment in accordance with Figure 4 
substantiates that it is also possible to implement solutions of favourable 
design within the scope of the invention for relatively large projection 

30 scales and relatively large fields. 
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The correction state of all the embodiments shown is excellent. All 
aberrations are corrected. The maximum RMS value of the wavefront 
deformation is very low and is below 4.5 mX for the embodiments in 
accordance with Figures 1 and 2, below 6.5 rr\X for the embodiment in 
5 accordance with Tables 7 and 8, and below 5.2 mA, for the embodiment 
in accordance with Figure 4. Within all the systems, the distortion is in 
the region below 1 nm for all field points. 

It can be seen by the person skilled in the art from the examples that 
10 numerous modifications of the designs are possible within the scope of 
the invention. For example, individual lenses can be split up into two or 
more separate lenses, or separate lenses can be combined to form a 
single lens having essentially the same function. 

15 Embodiments with two or more lens materials are also possible. For 

example, in the case of embodiments for 193 nm it is possible to provide 
a combination of lenses made from synthetic quartz glass and calcium 
fluoride in order to facilitate chromatic correction and in order to avoid 
changes in refractive index because of compaction in regions of high 

20 radiation energy densities by using calcium fluoride lenses. Also 

possible is the use of other materials transparent to the ultraviolet light 
used, such as barium fluoride, sodium fluoride, lithium fluoride, strontium 
fluoride, magnesium fluoride or the like. 

25 Catadioptric systems for immersion lithography can also be designed 
using essential configuration features of the embodiments represented 
here, in particular in the region, near the image, of the second belly and 
the aperture stop. 

30 The technical teaching of the invention explained with the aid of various 
exemplary embodiments shows that a range of design boundary 
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conditions should be taken into account when the aim is to design an 
optical system suitable for immersion lithography, particularly one of 
such compact design. The following features can be beneficial 
individually or in combination. Immersion objectives for which the image 
field diameter is greater than approximately 1%. in particular greater 
than approximately 1.5% of the overall length are favourable. 
Favourable light conductances (product of image field diameter and 
numerical aperture) are in the region of above 1%, in particular above 
2% of the overall length. Four or more collecting lenses between 
aperture stop and image plane are favourable, it being preferred for only 
collecting lenses to be provided in this region. Preferably more than four, 
five or six consecutive collecting lenses are favourable in the second 
lens group. In this case, preferably two or more collecting menisci with 
an object-side concave surface are favourable in the entry region of the 
second lens group, and two or more collecting menisci with surfaces 
concave towards the image are favourable at the end of the second lens 
group. In the region of the first belly or of the second lens group a strong 
beam expansion is beneficial for which the maximum beam diameter is 
preferably more than 1.8 times, in particular more than 2 times the object 
field diameter. The maximum lens diameter in the second lens group 
can be approximately twice the minimum free lens diameter of the third 
lens group in the region of the constriction. The maximum lens diameter 
in the second belly following the constriction is preferably of the same 
order of magnitude and can. in particular, be greater than twice the 
minimum free diameter in the third lens group. In the region of the third 
lens group, that is to say in the region of the waist of the system, two 
concave surfaces are preferably directly opposite one another and are 
enclosed by two surfaces curved in the same sense. The lenses 
respectively adjoining towards the object and towards the image are also 
preferably designed and arranged in this way. 
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Particular lens distributions can be favourable. In particular, it is 
favourable when substantially more lenses are situated upstream of the 
system aperture than downstream of the aperture. The number of lenses 
upstream of the aperture is preferably at least four times, in particular 

5 more than five times, the number of lenses downstream of the system 
aperture. Five or more collecting lenses are preferably arranged 
between the region of narrowest constriction and the system aperture or 
aperture stop; the axial distance between the region of narrowest 
constriction and the aperture stop arranged exceptionally near the image 

10 is favourably at least 26%, if appropriate more than 30% or 35%, of the 
overall length of the projection objectives. 

Further special features relate to the trajectory of and the relationships 
between principal rays and rim rays of the projection. Denoted here as 

15 principal ray is a ray which runs from a rim point of the object field 

parallel or at an acute angle to the optical axis and which cuts the optical 
axis in the region of the system aperture. A rim ray in the sense of the 
present application leads from the middle of the object field to the rim of 
the aperture stop. The perpendicular distance of these rays from the 

20 optical axis yields the corresponding ray height. It can be favourable 

when the principle ray height is greater in absolute value up to the end of 
the second lens group than the rim ray height, this relationship 
preferably not being reversed until in the region of the third lens group. 
The maximum rim ray height is preferably more than twice, in particular 

25 more than 2.3 to 2.5 times, the rim ray height in the region of the 

narrowest constriction of the third lens group. It is favourable when the 
diameter of the rim ray is kept small in the region between the fourth and 
fifth lens groups, that is to say in the region of the system aperture. This 
corresponds to a smallest possible focal length of the fifth lens group, 

30 following the system aperture. The focal length of the fifth lens group is 
preferably smaller than 15%, in particular smaller than 10% of the overall 
length. Preferred systems are doubly telecentric, and so the principal ray 
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is substantially perpendicular both to the object plane and to the image 
plane. In preferred systems, the principal ray coming from the object 
field should still have a divergent trajectory after at least five lenses, that 
is to say a trajectory with a still rising principal ray height away from the 

5 optical axis. It is favourable, furthermore, when the sine of the maximum 
principal ray divergence angle in the objective region near the object is 
more than 50% of the object-side numerical aperture. A plurality of 
aspheric surfaces are preferably provided in the region near the object in 
which the rim ray height is greater than the principal ray height, in order 

10 to promote a favourable correction state. 

The invention also relates to a projection exposure machine for 
microlithography which is distinguished in that it includes a refractive 
projection objective in accordance with the invention. The projection 

15 exposure machine preferably also has devices intended for introducing 
and keeping an immersion medium, for example a liquid of suitable 
refractive index, between the last optical surface of the projection 
objective and the substrate to be exposed. Also covered is a method for 
producing semiconductor components and other finely structured 

20 structural elements, in the case of which an image of a pattern arranged 
in the object plane of a projection objective is projected in the region of 
the image plane, an immersion medium arranged between the projection 
objective and the substrate to be exposed and transparent to light at the 
operating wavelength being transilluminated. 

25 
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Patent Claims 

1. Refractive projection objective for projecting a pattern arranged in 
an object plane of the projection objective into an image plane of the 
projection objective with the aid of an immersion medium which is 
arranged between a last optical element of the projection objective and 
the image plane, comprising: 

a first lens group (LG1), following the image plane, with a negative 
refracting power; 

a second lens group (LG2), following the first lens group, with a positive 
refracting power; 

a third lens group (LG3), following the second lens group, with a 
negative refracting power; 

a fourth lens group (LG4), following the third lens group, with a positive 
refracting power; 

a fifth lens group (LG5), following the fourth lens group, with a positive 
refracting power; and 

a system aperture (5) which is arranged in the region of maximum beam 
diameter between the fourth and the fifth lens group. 

2. Projection objective according to Claim 1 , wherein the system 
aperture (5) lies between a plane of maximum beam diameter near the 
image and the image plane (3). 

3. Projection objective according to Claim 1 or 2 which has an image- 
side numerical aperture NA > 0.9, the image-side numerical aperture 
preferably being at least NA = 1 .0. 

4. Projection objective according to one of the preceding claims, 
wherein the projection objective is adapted to an immersion medium (10) 
which has a refractive index of n > 1.3 at the operating wavelength. 
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5. Projection objective according to one of the preceding claims, 
wherein the projection objective has an image-side working distance of 
between approximately 10 jam and approximately 200 jam, in particular 
between approximately 20 urn and approximately 100 ^m. 

6. Projection objective according to one of the preceding claims, 
wherein a ratio between the focal length of the fourth lens group (LG4) 
and the focal length of the fifth lens group (LG5) is between 
approximately 0.9 and approximately 1.1. 

7. Projection objective according to one of the preceding claims, 
wherein a ratio of the magnitudes of the focal lengths of the first lens 
group (LG1) and the fifth lens group (LG5) is between approximately 0.7 
and approximately 1.3, in particular between approximately 0.9 and 
approximately 1.1. 

8. Projection objective according to one of the preceding claims, 
wherein a ratio between the overall length of the projection objective and 
the focal length of the fifth lens group (LG5) is greater than five, 
preferably greater than six, in particular greater than eight. 

9. Projection objective according to one of the preceding claims, 
wherein the first lens group (LG1) includes at least one aspheric surface, 
two aspheric surfaces preferably being provided in the first lens group. 

10. Projection objective according to one of the preceding claims, 
wherein at least one aspheric surface is provided in the third lens group 
(LG3), two aspheric surfaces preferably being provided. 

1 1 . Projection objective according to one of the preceding claims, 
wherein at least one aspheric surface is arranged in the first lens group, 
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and/or wherein not more than nine aspheric surfaces are provided, less 
than seven aspheric surfaces preferably being provided. 

12. Projection objective according to one of the preceding claims, 
wherein at least one meniscus lens (13), convex relative to the object 
plane, with a negative refracting power is arranged in the near zone of 
the object plane (2), in particular inside the first lens group (LG1). 

13. Projection objective according to one of the preceding claims, 
wherein the second lens group has at least four, preferably at least five 
or six consecutive lenses (14 to 20) with a positive refracting power. 

14. Projection objective according to one of the preceding claims, 
wherein the second lens group (LG2) has at least one, preferably a 
plurality of meniscus lenses (14, 15, 16, 17), concave relative to the 
object plane, with a positive refracting power on an entry side facing the 
object plane (2), and/or wherein the second lens group has at least one, 
preferably a plurality of meniscus lenses (19, 20), convex relative to the 
object plane, with a positive refracting power on the exit side facing the 
image plane. 

15. Projection objective according to one of the preceding claims, 
wherein the second lens group (LG2) in this sequence has at least one 
meniscus lens (14, 15, 16, 17), concave relative to the object plane, with 
a positive refracting power, a biconvex positive lens (18) and at least 
one meniscus lens (19, 20), concave relative to the image plane, with a 
positive refracting power. 

16. Projection objective according to one of the preceding claims, 
wherein the third lens group (LG3) has only lenses (21, 22, 23, 24) with 
a negative refracting power. 



-37- 



17. Projection objective according to one of the preceding claims, 
wherein, with reference to a plane (9) of symmetry lying inside the third 
lens group (LG3) t the third lens group is of substantially symmetrical" 
construction, and/or wherein two oppositely curved, concave surfaces 
directly opposed to one another in the third lens group (LG3) and are 
surrounded by two concave surfaces which are concave relative to one 
another. 

18. Projection objective according to one of the preceding claims, 
wherein an exit region, facing the third lens group (LG3), of the second 
lens group (LG2), and an entry region, following the third lens group, of 
the fourth lens group (LG4) are constructed substantially symmetrically 
relative to a plane (9) of symmetry lying inside the third lens group. 

19. Projection objective according to one of the preceding claims, 
wherein the fourth lens group (LG4) has at least one doublet (27, 28, 29, 
30) with a biconvex positive lens (27, 29) and a downstream negative 
meniscus lens (28, 30) with lens surfaces which are concave towards 
the object, at least two doublets preferably being provided. 

20. Projection objective according to one of the preceding claims, 
wherein in an object-side entry region the fourth lens group (LG4) has at 
least one meniscus lens (25, 26), concave relative to the object plane 
(2), with a positive refracting power, a plurality of such meniscus lenses 
preferably being provided consecutively. 

21. Projection objective according to one of the preceding claims, 
wherein the sine of the maximum incidence angle of the radiation 
impinging on the optical surfaces is less than 90%, in particular less than 
85% of the image-side numerical aperture. 
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22. Projection objective according to one of the preceding claims, 
wherein the fifth lens group (LG5) has exclusively lenses with a positive 
refracting power. 

23. Projection objective according to one of the preceding claims, 
wherein the fifth lens group has at least four positive lenses (31 to 35). 

24. Projection objective according to one of the preceding claims, 
wherein the fifth lens group (LG5) has at least one meniscus lens (33, 
34) with a positive refracting power and lens surfaces concave towards 
the image. 

25. Projection objective according to one of the preceding claims, 
wherein as last optical element the fifth lens group (LG5) has a plano- 
convex lens (35) which preferably has a spherical entry surface and a 
substantially flat exit surface. 

26. Projection objective according to Claim 25, wherein the plano- 
convex lens (35) is constructed in a nonhemispherical fashion. 

27. Projection objective according to one of the preceding claims, 
wherein all the lenses consist of the same material, use preferably being 
made of synthetic quartz glass as lens material for a 193 nm operating 
wavelength, and/or of calcium fluoride as lens material for a 157 nm 
wavelength. 

28. Projection objective according to one of the preceding claims 
which is a single-waist system with a belly (6) near the object, a belly (8) 
remote from the object and a waist (7) therebetween. 

29. Projection objective according to one of the preceding claims, 
wherein the image field diameter is more than 10 mm, in particular more 
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than 20 mm and/or wherein the image field diameter is more than 1 .0%, 
in particular more than 1.5%, of the overall length. 

30. Projection objective according to one of the preceding claims, 
wherein the light conductance is more than approximately 1%, in 
particular more than approximately 2% of the overall length. 

31. Projection objective according to one of the preceding claims, 
wherein substantially more lenses are arranged upstream of the system 
aperture (5) than downstream of the system aperture, preferably at least 
four times as many. 

32. Projection objective according to one of the preceding claims, 
wherein at least five lenses with a positive refracting power are arranged 
between the waist and the system aperture (5). 

33. Projection objective according to one of the preceding claims, 
wherein a distance between the waist and the system aperture is at least 
26% of the overall length, preferably more than 30% of the overall 
length. 

34. Projection objective according to one of the preceding claims, 
wherein a maximum rim ray height is at least twice as large as the rim 
ray height at the location of the narrowest constriction. 

35. Projection exposure machine for microlithography, characterized 
by a refractive projection objective (1,1', 1") in accordance with one of 
the preceding claims. 

36. Method for producing semiconductor components and other finely 
structured structural elements, having the following steps: 

providing a mask with a prescribed pattern; 
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illuminating the mask with ultraviolet light of a prescribed wavelength; 
and 

projecting an image of the pattern onto a photosensitive substrate, 
arranged in the region of the image plane of a projection objective, with 
the aid of a projection objective in accordance with one of the preceding 
Claims 1 to 34; 

an immersion medium arranged between a last optical surface of the 
projection objective and the substrate being transilluminated during the 
projection. 
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